Kopp UC. Role of renal sensory nerves in physiological and pathophysiological conditions. Am J Physiol Regul Integr Comp Physiol 308: R79 -R95, 2015. First published November 19, 2014 doi:10.1152/ajpregu.00351.2014.-Whether activation of afferent renal nerves contributes to the regulation of arterial pressure and sodium balance has been long overlooked. In normotensive rats, activating renal mechanosensory nerves decrease efferent renal sympathetic nerve activity (ERSNA) and increase urinary sodium excretion, an inhibitory renorenal reflex. There is an interaction between efferent and afferent renal nerves, whereby increases in ERSNA increase afferent renal nerve activity (ARNA), leading to decreases in ERSNA by activation of the renorenal reflexes to maintain low ERSNA to minimize sodium retention. High-sodium diet enhances the responsiveness of the renal sensory nerves, while low dietary sodium reduces the responsiveness of the renal sensory nerves, thus producing physiologically appropriate responses to maintain sodium balance. Increased renal ANG II reduces the responsiveness of the renal sensory nerves in physiological and pathophysiological conditions, including hypertension, congestive heart failure, and ischemia-induced acute renal failure. Impairment of inhibitory renorenal reflexes in these pathological states would contribute to the hypertension and sodium retention. When the inhibitory renorenal reflexes are suppressed, excitatory reflexes may prevail. Renal denervation reduces arterial pressure in experimental hypertension and in treatment-resistant hypertensive patients. The fall in arterial pressure is associated with a fall in muscle sympathetic nerve activity, suggesting that increased ARNA contributes to increased arterial pressure in these patients. Although removal of both renal sympathetic and afferent renal sensory nerves most likely contributes to the arterial pressure reduction initially, additional mechanisms may be involved in long-term arterial pressure reduction since sympathetic and sensory nerves reinnervate renal tissue in a similar time-dependent fashion following renal denervation. kidney; renal denervation; renal mechanosensory nerves; hypertension; angiotensin; substance P; prostaglandin E 2 THERE HAS BEEN A RENEWED INTEREST in the neural control of renal function due to several studies on the effects of renal denervation on arterial pressure in patients with treatmentresistant hypertension. Although there are reports that failed to show a depressor effect of renal denervation in these patients, e.g., the Simplicity 3 study (8) and a study by Brinkmann et al. (10), the majority of the studies in treatment-resistant hypertensive patients show that renal denervation results in a longterm reduction in arterial pressure (e.g., 29, 95, 96). The apparent differences in the effects of the renal denervation procedure on arterial pressure in patients are currently the focus of much debate (e.g., 11). In this context, it is important to note the numerous studies in various species that show renal denervation reduces arterial pressure in many different models of experimental hypertension, and this lowering of the arterial pressure was documented to be related to removal of the renal nerves (24, 52).
THERE HAS BEEN A RENEWED INTEREST in the neural control of renal function due to several studies on the effects of renal denervation on arterial pressure in patients with treatmentresistant hypertension. Although there are reports that failed to show a depressor effect of renal denervation in these patients, e.g., the Simplicity 3 study (8) and a study by Brinkmann et al. (10) , the majority of the studies in treatment-resistant hypertensive patients show that renal denervation results in a longterm reduction in arterial pressure (e.g., 29, 95, 96) . The apparent differences in the effects of the renal denervation procedure on arterial pressure in patients are currently the focus of much debate (e.g., 11). In this context, it is important to note the numerous studies in various species that show renal denervation reduces arterial pressure in many different models of experimental hypertension, and this lowering of the arterial pressure was documented to be related to removal of the renal nerves (24, 52) .
Although, there is considerable evidence for increased efferent renal sympathetic nerve activity (ERSNA) in various pathological conditions, including hypertension, heart failure, chronic kidney disease, and diabetes (24, 110) , it cannot be excluded that some of the reduction in arterial pressure could be related to removal of excitatory reflexes originating in the kidney in hypertensive patients and animals, since the renal denervation procedures involve denervation not only of the renal sympathetic nerves, but also of the afferent renal sensory nerves. A recent study in treatment-resistant hypertensive patients would support this hypothesis. This study showed that the reduction in arterial pressure produced by the renal ablation procedure was associated with reduction in muscle sympathetic nerve activity that lasted at least for 1 yr, i.e., as long as these patients were followed in this study (44) . This suggests an important contributory role of the afferent renal nerves to the hypertension in these patients. Therefore, this review will focus on the afferent renal sensory nerves and to what extent activation of these nerves may contribute to the homoeostatic regulation of arterial pressure and sodium balance in health and disease and only briefly discuss the sympathetic innervation of the kidney, which has been the focus of many previous reviews (e.g., 24, 51, 52, 110) .
Efferent Renal Sympathetic Nerves
The sympathetic nerves innervate all parts of the renal vasculature and the nephrons with the greatest density of innervation found along afferent arterioles (2, 6) . Among the various portions of the nephron, the greatest number of sympathetic nerves are found along the proximal tubules. However, the greatest density of innervation is found along the thick ascending limbs and distal convoluted tubules followed by the collecting ducts and proximal tubules. The nerve fibers contain varicosities with dense cored vesicles facing the neuroeffector sites, i.e., the vasculature and the nephron or the interstitium. These findings suggest that norepinephrine (NE) released from the sympathetic nerve fibers may act on the vascular/nephron structures not only at the junctional site but also postjunctionally at a more distal site from the nephrons (2) (3) (4) (5) (6) .
The renal functional responses to increases in ERSNA support the anatomical data, the main renal functional responses to increases in ERSNA being decreases in renal blood flow and urinary sodium excretion and increases in renin secretion rate. Importantly, the responsiveness of the various effector sites to increases in ERSNA varies with the stimulation frequency. At low-level stimulation frequencies, Ͻ1 Hz, there is a marked increase in renin secretion rate with no or minimal changes in urinary sodium excretion and renal blood flow. At higher frequencies, there is a further increase in renin secretion rate and a significant fall in urinary sodium excretion. At even higher stimulation frequencies, there is also a fall in renal blood flow. Stimulation frequencies at 5-7 Hz result in complete renal vasoconstriction in most species (24, 51, 52, 62) .
Renal denervation will, of course, result in opposite functional responses. Importantly, in most physiological conditions that are characterized by low ERSNA, renal denervation will result in an increase in urinary sodium excretion and a reduction in renin secretion rate with no or minimal changes in renal hemodynamics (24) .
Afferent Renal Sensory Nerves
Intrinsic innervation. In contrast to the wide distribution of the sympathetic nerves in the renal tissue, the majority of the sensory nerves are located in the renal pelvic area with the greatest density in the renal pelvic wall, as shown by Marfurt and Echtenkamp (111) examining afferent renal sensory innervation by antegrade transport of wheat germ agglutinin horseradish peroxidase from dorsal root ganglia (DRG) (Fig. 1) . The sensory nerves enter the renal pelvic area together with the renal artery or the proximal ureter. Many afferent renal sensory nerve fibers travel parallel to the long axis of the pelvis/ureter. There are also those that are oriented in a circumferential fashion. Many of the afferent nerve fibers are extremely fine and appear to terminate as free nerve endings. In addition to the renal pelvic wall, the renal artery and, to a lesser extent, the renal vein are also innervated with sensory nerves. There are few sensory nerve fibers in cortical tissue, and there are no fibers observed in the medulla. These findings are confirmed by immunohistochemical studies using antibodies against the neuropeptides calcitonin gene-related peptide (CGRP) and substance P (32, 33, 37, 68, 77, 78, 98, 104, 131) , which are Fig. 1 . A: camera lucida drawing of a whole mount renal pelvis and proximal ureter. In the kidney, the majority of the afferent sensory nerves are located in the renal pelvic wall. Most of the afferent fibers travel parallel to the long axis of the pelvis/ureter. There are also fibers that are oriented predominantly in a circumferential fashion, making them ideally located for sensing a stretch of the pelvic wall (arrows). The area enclosed by the box is illustrated in B. Many of the afferent nerve fibers are fine and appear to terminate as free nerve endings (B known to be present in sensory nerves (but not in sympathetic efferent nerves). The sensory nerves in the renal pelvic wall contain both substance P and CGRP. (Fig. 2) .
The anatomical studies showing the majority of the sensory nerves being located in the renal pelvic wall are confirmed by functional studies showing that renal pelvic administration of capsaicin, which stimulates sensory nerves by an activation of the nonselective cation channel transient receptor potential vanilloid 1 (known as TRPV1), increased afferent renal nerve activity (ARNA) at 100-fold lower concentration when administered into the renal pelvis than into the renal interstitium at the level of the juxtamedullary border (90) . Importantly, renal functional responses (see Activation of afferent renal sensory nerves modulates ERSNA) to renal pelvic administration of capsaicin are similar to those produced by substance P, CGRP, and increased renal pelvic pressure (90, 142) .
The circumferential orientation of the renal sensory nerves makes them ideally located for sensing stretch of the renal pelvic wall, as demonstrated in numerous studies examining the effects of increasing renal pelvic pressure on ARNA (52, 62) . Early studies in cats showed that short-term volume expansion resulted in parallel increases in renal pelvic pressure and ARNA with activation threshold being around 3 mmHg above baseline renal pelvic pressure (36) . The low activation threshold was subsequently confirmed in studies in which the renal pelvic mechanosensory nerves were activated without concomitant changes in systemic hemodynamics (94) . Together, these studies suggested that mechanosensitive renal pelvic nerves are activated by increases in renal pelvic pressure within the physiological range and well below that required for sensation of pain.
Stretch is associated with an increase in muscle spindle cell membrane sodium permeability, resulting in an inward flux of sodium and depolarization (48, 119) . Importantly, changes in intracellular sodium concentration may modulate the responsiveness of renal pelvic mechanosensitive nerves, as shown by the studies demonstrating reduction in the ARNA responses to increased renal pelvic pressure by renal pelvic administration of amiloride and lidocaine (86, 93) and enhancement of the ARNA responses by ouabain-induced inhibition of Na ϩ -K ϩ -ATPase (94) .
Although the majority of the sensory nerves in the pelvic wall are located in the muscular layer, there are sensory nerve fibers penetrating into the uroepithelium potentially making these nerve endings accessible for sensing changes in the chemical composition of the urine. R2 chemosensitive nerve fibers, which have basal discharge and are activated by changes in the chemical composition of the urine, have been described by Recordati et al. (121) . The R2 nerve fibers are also activated by renal ischemia. R1 chemosensitive nerve fibers have been described as having no basal activity and being activated by renal ischemia. Whether R1 and/or R2 chemosensitive nerve fibers are activated during physiological and/or pathophysiological conditions is currently not known.
Projection to the central nervous system. Functional studies designed to examine whether the renorenal reflexes responses were integrated at a supraspinal or spinal level examined the effects of dorsal rhizotomy (DRX) at the T 6 level on the contralateral renal responses to activation of renal mechanosensory nerves (93) . However, the experiments failed to shed any light on this issue because ARNA did not increase in response to increases in renal pelvic pressure, suggesting that the responsiveness of the renal sensory nerves was modulated by ERSNA (see Activation of efferent renal nerves modulates ARNA).
However, there are numerous studies employing retrograde tract tracing of fluorescent dyes, horseradish peroxidase, or pseudorabies virus injected into kidneys that suggest a supraspinal integration of the afferent renal signals. The cell bodies of the afferent renal nerves are located in ipsilateral DRG from T 6 to L 4 , with the majority of the renal sensory nerves deriving from DRG at the T 12 -L 3 level (27, 137) . Very few afferent renal nerves are derived from the contralateral DRG. The distribution of the cell bodies varies slightly among various species. Within the spinal cord, the afferent renal nerves project to the ipsilateral dorsal horn in laminae I, III-V (16), where they synapse with interneurons projecting to sites within the central nervous system associated with cardiovascular regulation, including nucleus tractus solitarius, rostral ventrolateral medulla, subfornical organ, and paraventricular nucleus of hypothalamus (130) . There is also evidence for a monosynaptic projection of the afferent renal nerves to areas within the brain stem (141) . Electrophysiological support for supraspinal integration of the input from the afferent renal nerves involving neurons in the medulla was derived from studies in rabbits showing that decreases in ERSNA produced by electrical stimulation of the afferent renal nerves were blocked by renal denervation or spinal cord transection at C 2 but not by transection of the brain stem at the pontinemedullary junction (124) .
Activation of afferent renal sensory nerves modulates ERSNA. One of the first studies to suggest a functional role of the renal sensory nerves in normotensive healthy rats showed that unilateral renal denervation resulted, not only, in the expected increase in ipsilateral urinary sodium excretion but also in a decrease in contralateral urinary sodium excretion. The fall in contralateral urinary sodium excretion was produced by an increase in contralateral ERSNA, suggesting that the afferent renal nerves exert a tonic inhibition of ERSNA in healthy rats (17, 25) . (Fig. 3) .
Single-unit recordings of ARNA showed that the same single unit that responded to increases in renal pelvic pressure also responded to renal pelvic administration of substance P, supporting an important role for substance P-containing nerve fibers, contributing to the activation of mechanosensory nerves (Fig. 4) (109) . The electrophysiological studies have been supported by functional studies that showed that increases in renal pelvic pressure result in increases in ARNA that are associated with increases in renal pelvic release of substance P and are blocked by renal pelvic administration of substance P receptor antagonists (83, 89, 107, 109) .
In normal healthy animals, the functional responses to activation of renal pelvic sensory nerves by various stimuli, including increased renal pelvic pressure, bradykinin, substance P, and capsaicin, consist of increases in ARNA, which cause a fall in contralateral ERSNA and increases in contralateral urine flow rate and urinary sodium excretion, which are blocked by ipsilateral renal denervation (87, 90, 91, 107, 109, 142) , an inhibitory renorenal reflex response.
These findings, together with the studies showing that activation of the chemosensitive renal nerves elicits excitatory reflex responses (122, 129) , suggest that the tonic inhibitory effects produced by activation of afferent renal nerves and revealed by renal denervation (Fig. 3 ) are related to tonic activation of renal mechanosensory nerves in healthy normotensive rats. This hypothesis is further supported by the low activation threshold for the renal mechanosensory nerves (36, 94) .
Activation of the efferent renal nerves modulates ARNA. Early studies by Niijima (116) showed that electrical renal nerve stimulation or intra-arterial administration of NE increased ARNA in isolated kidney preparations. Although the results were interpreted to reflect increases in ARNA in response to activation of renal mechanosensory nerves (related to ERSNA-induced increases in renal perfusion pressure), the author speculated that "the possibility of direct sensitization of mechanoreceptors by noradrenaline cannot be eliminated". Anatomical support for this hypothesis was subsequently first shown by Barajas and Wang (7), who demonstrated the presence of noradrenergic unmyelinated nerve fibers and myelinated, presumably afferent, nerve fibers in the same nerve bundle in the juxtamedullary region. Later studies have pro- vided more substantial evidence for a close anatomical relationship between renal sympathetic and sensory nerves (33, 78, 104) (Fig. 5 ). In the renal pelvic wall, the sensory nerve fibers are more numerous than are the sympathetic nerve fibers, but where there are sympathetic nerve fibers, they are often running together with the afferent sensory nerve fibers intertwined in the same nerve bundles in the renal pelvic smooth muscle layer (78) (Fig. 5 ). These anatomical findings suggested that changes in ERSNA may modulate ARNA, as indicated by Niijima in 1972 (116) . More recent functional studies have shown that reflex decreases and increases in ERSNA decrease and increase ARNA, respectively, ( Fig. 6 ) (78) . The changes in ERSNA may modulate ARNA independently of hemodynamic changes, as shown by the increases in ARNA and renal pelvic release of substance P in response to renal pelvic administration of NE (78) . Taken together, there is strong evidence to support a negative feedback system, in which increases in ERSNA increase ARNA, which, in turn, decreases ERSNA via activation of the inhibitory renorenal reflex mechanism (Fig. 7 ).
Inhibitory Reneorenal Reflexes in Normotensive Rats
The dynamic relationship between ERSNA and ARNA was subsequently studied in more detail using transfer function analysis in seven rats. In the control period, ERSNA exhibited intermittent low-amplitude bursting, while ARNA bursts were fewer, random, and unrelated to ERSNA. During thermal cutaneous stimulation, ERSNA bursting behavior became regular with larger-amplitude bursts occurring uniformly in each cardiac cycle. ARNA exhibited an identical pattern with the ARNA burst following the ERSNA burst by 17.1 Ϯ 2.4 ms (Fig. 6B ). Transfer function analysis (ERSNA to ARNA) showed that transfer function gain was similar before and during stimulation. Phase angle was negative (0 to Ϫ0.5 rad), and calculated time delay indicated that ERSNA preceded ARNA by 15-20 ms. Maximal significant coherence was 0.27 Ϯ 0.13 before and 0.46 Ϯ 0.12 during stimulation. Cross-correlation showed significant correlation coefficients of 0.64 Ϯ 0.02 at Ϫ12 ms lag before and 0.71 Ϯ 0.02 at Ϫ10 ms lag during thermal cutaneous stimulation. There were crosscorrelation peaks during thermal cutaneous stimulation but not during the control period at lag intervals equivalent to cardiac cycle length. The linear correlation coefficient between ERSNA and ARNA was 0.15 Ϯ 0.05 before and 0.40 Ϯ 0.06 during thermal cutaneous stimulation. The time delay between the ERSNA and subsequent ARNA bursts, 10 -20 ms, is substantially greater than that to be expected with an ionotropic receptor (ligand-gated ion channel) and is more consistent with that observed for a metabotropic receptor involving a neurotransmitter molecule, which binds to a specific plasma membrane receptor with subsequent activation of signal transduction mechanisms.
This notion was confirmed by our findings that the increases in ARNA produced by reflex-induced increases in ERSNA were blocked by renal pelvic perfusion of an ␣ 1 adrenoceptor antagonist and enhanced by an ␣ 2 adrenoceptor antagonist (79). These findings together with immunohistochemical studies demonstrating the presence of ␣ 1 and ␣ 2 adrenoceptors on/close to the renal pelvic sensory nerves (Fig. 8 ) provide evidence for a synaptic connection between efferent renal sympathetic nerves and afferent renal nerves in the renal pelvic wall (79) . In this context, it is of interest that NE may also modulate ARNA at the level of the DRG. NE was found to decrease the activity of voltage-gated calcium channels in cultured DRG cells, retrogradely labeled from the kidney, by activating ␣ 2 adrenoceptors (26) .
It is important to note that an interaction between efferent and afferent nerves is not unique to ERSNA and ARNA. There is considerable evidence for a relationship between efferent and afferent nerve activity in the sinoaortic arterial baroreflexes and the carotid chemoreceptor reflexes (31) . NE has been shown to increase baroreceptor afferent nerve activity by a direct action on the receptors (97) . Also, there is considerable evidence for NE enhancing the activation of peripheral nociceptors (50) .
Mechanisms Involved in Activation of Renal Sensory Nerves
Dietary sodium. The functional importance of the natriuretic renorenal reflexes in the renal control of total body sodium was suggested by the findings that the responsiveness of the renal sensory nerves is modulated by dietary sodium. In rats fed a high-sodium diet, graded increases in renal pelvic pressure resulted in greater increases in ipsilateral ARNA and contralateral urinary sodium excretion at each level of increased renal pelvic pressure compared with those in rats fed a low-sodium diet (73) . The ARNA responses to reflex changes in ERSNA were similarly modulated by dietary sodium (84) (Fig. 9) . It is important to note that these are physiologically appropriate responses in the maintenance of sodium balance in various dietary sodium conditions. In high-sodium dietary conditions, enhancement of the ERSNA-induced increases in ARNA would increase the inhibitory renorenal reflex control of ERSNA, resulting in reduction of ERSNA to prevent or limit sodium retention. Conversely, in low-sodium dietary conditions, suppression of the ERSNA-induced increases in ARNA would result in increased ERSNA by reducing the renorenal reflex inhibition of ERSNA, eventually leading to sodium retention (Fig. 7) .
The activation threshold for the renal mechanosensory nerves being Ͻ2 mmHg in rats fed a high-sodium diet (Fig. 9) suggested that the afferent renal nerves are tonically active in conditions of high-sodium dietary intake and contribute to the renal control of the homeostatic regulation of arterial pressure and sodium balance. This notion is supported by studies in rats, in which the afferent renal nerves were removed by DRX at T 9 -L 1 (71, 85) . Whereas arterial pressure was similar in DRX and sham-operated rats fed a normal-sodium diet, a highsodium diet significantly increased mean arterial blood pressure in DRX rats but not in sham-operated litter mates. These data suggest that the afferent renal nerves are essential for achieving sodium balance during increased dietary sodium intake. Therefore, afferent renal denervation leads to saltsensitive hypertension. These findings support the notion that the salt-sensitive hypertension in rats neonatally treated with capsaicin to destroy all sensory nerves is, at least in part, related to destruction of the renal sensory nerves (135) . The DRX rats fed a high-sodium diet were characterized by increased basal ERSNA and increased ERSNA responsiveness to environmental and somatic stimulation, which is most likely due to impairment of the arterial baroreflex control of ERSNA (85) . Early studies have provided strong evidence for convergence of afferent signals from the renal and carotid sinus nerves on neurons in various brain areas involved in cardiovascular control (12, 30, 130) .
Prostaglandins. Prostaglandins (PGs) are known to enhance the responsiveness of peripheral and central sensory nerves to various stimuli (e.g., 45, 115, 132) . In the kidney, PGs play both a permissive and facilitatory role in the activation of the renal pelvic sensory nerves by various stimuli, including increased renal pelvic pressure, bradykinin, substance P, and capsaicin. Studies examining the various mechanisms involved in the activation of the renal mechanosensory nerves showed that bradykinin B2 receptors in the renal pelvic area contributes to the increases in ARNA produced by increased renal pelvic pressure by activating PKC. Activation of PKC eventually leads to increased renal pelvic synthesis of cyclooxygenase 2 (COX-2) and release of PGE 2 . PGE 2 activates EP4 receptors on or close to the renal pelvic sensory nerves leading to induction of cAMP and activation of PKA. Activation of PKA results in a release of substance P from the sensory nerves in the renal pelvic wall (68, 76, 81, 82, 83) . The release of substance P is a calcium-dependent mechanism that requires influx of calcium via N-type calcium channels (65) (Fig. 10) .
Angiotensin. Angiotensin (ANG) type 1 (AT 1 ) receptors have been localized in the renal pelvic wall by in situ hybridization and autoradiography (40, 112, 144) . Similar to its inhibitory role on arterial and cardiopulmonary baroreflexes (23, 133) , ANG II contributes to the suppressed responsiveness of the renal pelvic mechanosensory nerves in low-sodium dietary conditions. Renal pelvic administration of the AT 1 -receptor antagonist losartan restored the suppressed ARNA responses to increased renal pelvic pressure in rats fed a low-sodium diet toward those observed in rats fed a normalsodium diet (73) . Conversely, renal pelvic administration of ANG II suppressed the enhanced responsiveness of the renal mechanosensory nerves in rats fed a high-sodium diet. Subsequent studies showed that renal pelvic ANG II modulates the responsiveness of renal sensory nerves by suppressing PGE 2 -mediated activation of adenylyl cyclase via a pertussis toxin (PTX)-sensitive mechanism (Ref. 70 ; Fig. 10 ).
The mechanisms involved in the decreased responsiveness of the renal sensory nerves to increases in ERSNA in lowsodium dietary conditions are more complex and involve increased activation of both AT 1 -receptors and ␣ 2 adrenoceptors in the renal pelvic wall (79) . The mechanisms by which losartan and the ␣ 2 adrenoceptor antagonist rauwolscine enhance the interaction between ERSNA and ARNA in lowsodium dietary conditions are currently unknown. Both AT 1 receptors and ␣ 2 adrenoceptors are coupled to PTX-sensitive G i/o proteins (41, 138) , which may suggest a similar mechanism contributing to the ANG II and NE-mediated suppression of the responsiveness of the renal sensory nerves in lowsodium dietary conditions.
Endothelin. Endothelin (ET) is abundantly expressed throughout the body, including the brain and the kidney (42) . ET exerts its effects by activating two G protein-coupled receptors, ET A and ET B (123) . In the kidney, ET-1 is widely distributed, with the highest concentration in the inner medulla (123, 139) . Whereas ET A -receptors (ET A -R) are predominantly localized to the renal vasculature, ET B -R are found in glomeruli, inner medullary collecting duct cells, and the renal pelvic area (84, 144) . ET A -R and ET B -R are differentially distributed in the renal pelvic wall. Whereas, the ET B -R are found on or close to unmyelinating Schwann cells surrounding renal sensory nerves, the ET A -R are present on smooth muscle cells in the pelvic wall and small vessels in and adjacent to the renal pelvic wall and throughout the kidney (84) (Fig. 11) . A similar distribution of ET A -R was found in DRG, T 9 -L 1 ; ET A -R were mainly localized on smooth muscle cells in vessels distributed among CGRP containing neuronal cell bodies (84) .
A possible role for ET-1 in the regulation of arterial pressure via the sensory nerves was suggested by studies in rats neonatally treated with capsaicin (143) . The salt-sensitive hypertension in these rats was reduced by ET A receptor antagonists in a similar fashion as that seen in ET B receptor-deficient rats (34, Interestingly, while blocking either renal pelvic ET A -R or ET B -R had no effect on the responsiveness of the renal mechanosensory nerves in rats fed a normal sodium diet, renal pelvic administration of ET B -R antagonists reduced the responsiveness of the renal mechanosensory nerves in rats fed a highsodium diet. Conversely, the responsiveness of the renal mechanosensory nerves was enhanced by renal pelvic administration of an ET A -R antagonist (72) . These findings suggest that activation of a renal pelvic ET-R contributes to the altered responsiveness of the renal mechanosensory nerves during a highand low-sodium diet. Renal ET-1 also contributes to the altered responsiveness of the renal sensory nerves to changes in ERSNA in high-and low-sodium diets. The ARNA responses to reflex increases in ERSNA were reduced by an ET B -R antagonist in a highsodium diet and enhanced by an ET A -R antagonist in a lowsodium diet (84) . In high-sodium dietary conditions, blocking renal ET B -R not only reduced the ARNA responses to increases in ERSNA and the NE-induced release of substance P, but also NE-induced release of PGE 2 . Because the NE release of substance P is dependent on intact PG syntheses (91) , these data suggest that stimulation of ET B -R contributes to the enhanced activation of renal sensory nerves by a PGE 2 -dependent mechanism. The exact mechanism(s) by which activation of ET B -R on peripheral Schwann cells may modulate ARNA is unclear, but it is well known that glial cells can modulate neurotransmission by increasing intracellular Ca 2ϩ in response to various neurotransmitters, including ET-1 (46, 134) . Likewise, the mechanisms involved in the ET A -R-mediated decreased responsiveness of the renal sensory nerves is also unknown, but the presence of ET A -R on smooth muscle cells in small vessels in and adjacent to the renal pelvic wall may suggest that the ET A -Rinduced modulation of renal sensory nerve activation is related to local vasoconstriction with ischemia, leading to an increase in oxygen free radicals (99, 105) , which have been shown to impair carotid baroreceptor activity (102) .
Summary: normotensive healthy rats. ARNA is predominantly inhibitory in normal rats. Activation of the afferent renal nerves by various stimuli, including increased renal pelvic pressure, bradykinin, PGE 2 , substance P, and NE, exerts an inhibitory effect on ERSNA with the overall goal of maintaining low ERSNA to minimize sodium retention. Importantly, the responsiveness of the afferent renal nerves is modulated by dietary sodium. High dietary sodium enhances, and low dietary sodium reduces, the responsiveness of the renal sensory nerves in the overall goal to maintain sodium balance during various dietary sodium intakes. Important mechanisms contributing to the altered responsiveness of the renal sensory nerves include ANG II, ET, and NE; increased activation of AT 1 -R, ET A -R, and ␣ 2 adrenoceptors suppresses the responsiveness of the renal sensory nerves in the low-sodium diet, and increased activation of ET B -R enhances the responsiveness of these nerves in the high-sodium diet.
Pathophysiology
There is considerable evidence for increased activity of the sympathetic nervous system in various pathological conditions involving renal injury, including hypertension, heart failure, chronic renal failure, diabetes, and obesity (24, 38, 43, 103, 118, 127) . Renal inflammation is prevalent in many of these pathological conditions and may contribute to the increased ERSNA via activation of afferent renal nerves. Indirect support for this hypothesis may be derived from the recent studies in patients with treatment-resistant hypertension, which showed that renal denervation decreases arterial pressure in association with decreases in muscle sympathetic nerve activity, suggesting that the renal denervation procedure interrupted excitatory reflexes originating in the kidneys (44) . This hypothesis would appear to be in an apparent contrast to the considerable evidence (see Activation of afferent renal sensory nerves modulates ERSNA) for inhibitory reflexes originating in the kidney. However, it is important to note that the studies demonstrating the presence of inhibitory renorenal reflexes were performed in healthy normotensive animals. In various pathological states, available data would suggest that activation of the afferent renal nerves elicits a different reflex pattern.
In the spontaneously hypertensive rat (SHR), accumulating evidence indicates that the renal nerves contribute to the pathogenesis of hypertension (24, 51, 52, 110) . Peripheral sympathetic nerve activity and, in particular, ERSNA is enhanced. In SHRs, there is decreased responsiveness of the renal sensory nerves to various stimuli, including increased renal pelvic pressure and renal pelvic administration of bradykinin and substance P (66, 88, 92) (Fig. 12) . The decreased responsiveness of renal mechanosensitive nerves cosegregated with hypertension in a backcross of SHR and WKY (22) . The reduced responsiveness of the renal mechanosensory nerves in SHR is due, at least in part, to a peripheral defect at the level of the sensory receptors in the renal pelvis involving endogenous ANG II suppressing the PGE 2 -mediated release of substance P via a PTX-sensitive mechanism (64) . The ERSNAinduced increase in ARNA is also suppressed in SHR, which is partly due to increased activation of AT 1 -R and partly to increased NE-mediated activation of ␣ 2 adrenoceptors on the peripheral sensory nerve endings (74) . The findings that losartan only enhanced the responsiveness of the renal sensory nerves to NE in the presence of ␣ 2 adrenoceptor blockade suggest a powerful inhibitory effect of activation of ␣ 2 adrenoceptors on the responsiveness of the renal sensory nerves. This may be related to an increased density of the ␣ 2 adrenoceptors in peripheral renal (pelvic) tissue (125) . Thus, one possible mechanism contributing to the hypertensive process in SHR is an impairment of the inhibitory renorenal reflexes that would lead to increased ERSNA and water and sodium retention, factors known to contribute to the hypertensive process.
Increased activation of endogenous ANG also contributes to the impaired renorenal reflexes in other pathological states characterized by increased ERSNA and sodium retention, including diabetes type I and congestive heart failure (75, 80) . In congestive heart failure, increased activation of ET A -R together with increased activation of AT 1 -Rs contributes to the reduced responsiveness of the renal sensory nerves (67) . Further, numerous studies by Chen and coworkers (15, (107) (108) (109) have presented evidence for reduced responsiveness of the renal pelvic mechanosensory nerves in ischemia-induced acute renal failure, obstructive nephropathy, cirrhosis, and hypoxia-pathological conditions characterized by increased endogenous ANG II activity (61) .
There is evidence to suggest that when the inhibitory renorenal reflexes are suppressed, excitatory reflexes may prevail, especially in conditions of renal injury and damage. In twokidney, one-clip hypertensive rats, increasing renal pelvic pressure in the clipped ischemic kidney failed to elicit a contralateral inhibitory renorenal reflex response. On the other hand, denervation of the ipsilateral clipped kidney in two-kidney, one-clip hypertensive rats increased urinary sodium excretion not only from the ipsilateral ischemic kidney but also from the contralateral kidney (63) . The increase in contralateral urinary sodium excretion was associated with a fall in contralateral ERSNA (Fig. 13) , suggesting that the afferent renal nerves from clipped ischemic kidneys exert an excitatory influence on contralateral ERSNA-in contrast to normal healthy rats, in which the renorenal reflexes are inhibitory (Fig. 3) . There is considerable support for excitatory reflexes deriving from ischemic kidneys. Measurements of systolic arterial pressure in conscious two-kidney, one-clip hypertensive rats showed that denervation of the ischemic clipped kidney reduced systolic arterial pressure, almost to the same level as removing the clip from the renal artery (57) . Studies in rabbits and dogs showing that intrarenal adenosine increases ARNA (53, 106) and arterial pressure, plasma NE, and ERSNA (56) have led to the hypothesis that adenosine plays an important role in the excitatory reflexes originating in the ischemic kidneys. Support for this hypothesis is derived from studies in one-kidney one-clip hypertensive rats, which showed that intrarenal administration of adenosine deaminase reduced arterial pressure in association with marked decreases in urinary adenosine concentration (54) . Altogether, these studies would suggest that excitatory reflexes may originate in ischemic kidneys and involve adenosine, possibly activating chemosensitive afferent renal nerve fibers. Whether these chemosensitive nerve fibers are those previously identified as CR2 is currently unknown. Further evidence for excitatory reflexes originating in diseased kidneys is derived from studies in patients with renal failure. Comparing arterial blood pressure and muscle sympathetic nerve activity in hemodialysis patients with and without their native diseased kidneys intact showed markedly reduced arterial pressure and muscle sympathetic nerve activity in patients with bilateral nephrectomy compared with the patients who had their kidneys intact (18, 39) . In a subgroup of transplant patients, muscle sympathetic nerve activity was measured before and after the second kidney was removed and was found to be reduced following removal of the second diseased kidney (39) . These studies provide strong evidence that the diseased kidneys exert an excitatory effect on sympathetic nerve activity. Studies in rats with chronic renal failure would support the notion that excitatory reflexes may originate in diseased kidneys and contribute to increased activity of the sympathetic nervous system. Chronic renal failure produced by 5/6 nephrectomy resulted in increased arterial pressure and NE turnover in posterior hypothalamus and locus coeruleus that were prevented by prior DRX to remove the afferent renal innervation (13) . Taken together, these studies suggest that local renal injury may result in sympathoexcitatory reflexes involving activation of the afferent renal nerves and central cardiovascular regulatory areas, resulting in increased efferent systemic and renal sympathetic nerve activity that eventually leads to hypertension.
Chronic heart failure is characterized by impairment of the inhibitory renorenal reflexes (see above) and increased ERSNA (28) . Recent animal studies in which heart failure was induced by coronary ligation in rats (47) or rapid ventricular pacing in dogs and rabbits (126, 136) showed that renal denervation performed prior to the induction of heart failure improved cardiac function. Further, a pilot study in chronic heart failure patients showed improved exercise capacity following bilateral renal denervation (21) . Taken together, these studies suggest an important role for the renal nerves in chronic heart failure. The contributory roles of the efferent vs. the afferent renal nerves to the renal and cardiac dysfunction in chronic heart failure are currently unclear.
Summary: pathophysiological conditions. In pathophysiological sodium-retaining states, including hypertension and renal edema-forming diseases, such as congestive heart failure, nephrotic syndrome, and cirrhosis, ERSNA is inappropriately increased in the presence of sodium retention. It has long been known that impairment of the aortic and arterial baroreflexes contributes to the inappropriately increased ERSNA in these pathological conditions. In addition, more recent evidence supports a role for an impairment of inhibitory reflexes originating in the kidneys, per se, contributing to the increased ERSNA in these conditions. In conditions of renal disease, available data would suggest that there is a shift from inhibitory to excitatory renorenal reflexes possibly due to activation of renal chemosensitive nerves, one activator being adenosine. The excitatory renorenal reflexes would contribute to the increased ERSNA, leading to increased sodium retention and arterial pressure prevalent in these pathophysiological conditions.
Reinnervation of Renal Sympathetic and Renal Sensory Nerves Following Denervation
Although it has long been known that ERSNA is increased in hypertensive patients (28) and renal denervation reduces arterial pressure in various experimental models of hypertension (24), it was not thought that removing or decreasing renal sympathetic nerve activity would result in a long-lasting reduction in arterial blood pressure because of the considerable evidence for sympathetic nerve reinnervation of renal tissue following renal denervation.
An early study in a limited number of conscious dogs showed that electrical stimulation of the peripheral renal nerves to a kidney autotransplanted to the neck resulted in marked reductions in urine flow rate 4 -6 mo post-transplantation, suggesting functional renal reinnervation (100). Further evidence for renal reinnervation of canine autografts is derived from histological studies showing some reinnervation at 2-3 mo with more complete reinnervation observed 4 -6 mo after transplantation (19, 128) . Likewise, measurements of renal cortical NE levels and plasma renin activity (PRA) in dogs on a low-sodium diet showed a gradual return of both NE and PRA toward predenervation levels 4 mo after renal denervation (113) . Although the majority of the studies in dogs suggest renal reinnervation following renal transplantation and renal denervation, there are immunohistochemical studies in dogs that show only partial or no renal reinnervation 3-12 mo after renal denervation (1, 117) . On the other hand, studies in normotensive rats have shown partial return of renal cortical NE content and renal vasoconstrictor responses to electrical renal nerve stimulation 4 wk following renal denervation (60) with a complete restoration of the renal vasoconstrictor responses at 8 -9 wk after renal denervation. Similar findings have been demonstrated in hypertensive rats. Renal denervation delayed the onset of hypertension in both SHR and DOCA-salt hypertensive rats in association with marked decreases in renal tissue NE content. Arterial pressure increased gradually and was similar to that in sham-denervated hypertensive rats 6 -7 wk following renal denervation at which time renal tissue NE content in the denervated kidneys was 60 -80% of that in the sham-operated rats (55, 140) . There are few studies reported in humans. However, there is anatomical evidence for gradual reinnervation of the human kidney starting 4 wk after renal transplantation with extensive reinnervation at 8 mo (35) . Thus, available data in various species suggest that the sympathetic nerves reinnervate renal tissue following denervation, with differences among the species in the time required for sympathetic reinnervation being weeks in rats, months in dogs, and months to year(s) in humans.
Because of the considerable evidence for renal sympathetic reinnervation (see above), one of the possible mechanisms suggested to contribute to the long-term reduction in arterial pressure in treatment-resistant hypertensive patients following bilateral renal denervation is interruption of excitatory reflexes originating in the kidney, as suggested by the long-term reduc-tion in muscle sympathetic nerve activity (44) . This hypothesis is based on the assumption that the afferent renal nerves would not reinnervate renal tissue, at least not to the same extent as the sympathetic nerves. Although there is currently a shortage of data in humans concerning the issue of sensory nerve reinnervation following renal denervation, studies in rats comparing the reinnervation of the sympathetic nerves and sensory nerves following surgical denervation would not support such a hypothesis. Immunohistochemistry studies examined the density of labeled nerve fibers with antibodies against tyrosine hydroxylase (TH) and NPY (markers of sympathetic nerves) and substance P and CGRP (markers of sensory nerves) in the denervated and contralateral innervated kidney at various time points after ipsilateral renal denervation. The findings showed that the sympathetic and sensory nerves reinnervate renal tissue along a similar time axis with complete reinnervation of both types of nerves at 9 -12 wk following renal denervation (114, Fig. 14) . Although previous studies have shown normal functional responses to activation of the renal sympathetic nerves at 8 -9 wk after renal denervation (60) , it is currently unknown whether the functional responses to activation of the afferent renal nerves are restored toward normal at this time point in the rat. Of importance in this context is a recent study in sheep. This study presents both anatomical and functional evidence for reinnervation of the efferent and afferent renal nerves 5.5 and 11 mo following catheter-based renal denervation using the Simplicity Flex catheter (9).
Perspectives and Significance
There is now considerable evidence for both efferent and afferent renal nerves contributing to the maintenance of water and sodium homeostasis. Increases in ERSNA decrease renal blood flow and increase sodium retention and renin secretion. Increases in ERSNA also increase ARNA, which, in turn, decreases ERSNA by a negative feedback mechanism in the overall goal of maintaining low ERSNA to minimize sodium retention. The interaction between ERSNA and ARNA in the control of sodium balance is especially important during various dietary sodium intakes. During high-sodium dietary conditions, the inhibitory renorenal reflex control of ERSNA is enhanced. Conversely, during low-sodium dietary conditions, the renorenal reflex control of ERSNA is reduced. It is important to note that these are physiologically appropriate responses to maintain sodium balance during various dietary sodium conditions. Increased activation of the renin angiotensin system contributes importantly to the reduced responsiveness of the afferent renal nerves in low-sodium dietary conditions. In pathological conditions characterized by increased ANG II activity-including hypertension, heart failure, diabetes and renal ischemia-the inhibitory renorenal reflexes are suppressed. It is likely that the absence of an inhibitory renorenal reflex control of ERSNA contributes to the inappropriately increased activity of the sympathetic nervous system in these pathological conditions. When the inhibitory renorenal reflexes are suppressed, there is evidence for a prevalence of excitatory reflexes originating from the kidney in various pathological conditions involving renal injury, including hypertension, heart failure, chronic renal failure, diabetes, and obesity. Renal inflammation, prevalent in many of these pathological conditions, would lead to activation of renal sensory nerves, presumably chemosensitive nerve fibers, resulting in increases in sympathetic nerve activity leading to a vicious cycle in which increased ERSNA will result in further aggravation of the renal injuries/damage, resulting in further increases in ARNA. Supporting this hypothesis are the numerous studies in various species with experimental hypertension and in patients with treatment-resistant hypertension in which renal denervation reduced arterial pressure. Importantly, the reduction in arterial pressure following bilateral renal denervation was associated with a reduction in muscle sympathetic nerve activity, suggesting an important role for excitatory reflexes originating in the diseased or injured kidney.
Removal of both renal sympathetic and renal sensory nerves most likely contributes to the arterial pressure reduction in patients following renal denervation, at least initially. Although available data suggest that renal reinnervation will take months to year(s) in humans versus weeks in rats, the finding that the renal sensory nerves reinnervate the renal tissue in a similar time-dependent fashion as the sympathetic nerves following renal denervation in normal healthy rats suggests that additional mechanisms, possibly related to the initial removal of the renal sympathetic/sensory nerves, are likely to contribute to the long-term arterial pressure reduction observed in patients with drug-resistant hypertension following renal denervation.
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